ABSTRACT. Palladation of N3-alkylated 1,2,3-triazolium salts with Pd(OAc) 2 afforded a µ 2 -I 2 bridged bimetallic complex [Pd(trz)I 2 ] 2 and monometallic bis(carbene) complexes Pd(trz) 2 I 2 as a mixture of trans and cis isomers (trz = 1,2,3-triazol-5-ylidene). Addition of excess halide or modification of the palladation procedure from direct functionalization to a transmetalation sequence involving a silver intermediate allowed for chemoselective formation of the bis(carbene) complex, while subsequent anion metathesis with NaI produced the monometallic bis(carbene) complexes exclusively. Modification of the wingtip group had little influence on the metalation to palladium or rhodium(I) via transmetalation.
Introduction
The enormous impact of N-heterocyclic carbenes as spectator ligands in all areas of transition metal chemistry 1 -and in catalysis in particular 2 -has stimulated significant research interest in developing NHC-type scaffolds that allow for substantial modification of steric and electronic properties. Such modification include, for example, expansion of the heterocyclic ring from classic 5-membered imidazol-derived structures to 6-and 7-membered heterocycles, 3 or the displacement of one or both carbene-stabilizing heteroatoms into more remote positions. 4 Depending on the location of the heteroatoms, a neutral resonance structure is not conceivable anymore and mesoionic resonance structures become largely dominant. 5 A pronounced mesoionic character may be an attractive feature, for example in redox catalysis, 6 and has been exploited recently in a variety of carbene-type scaffold (abnormal carbenes).
7
In this context, 1,3-disubstituted 1,2,3-triazolylidenes constitute a particularly attractive class of ligands (Scheme 1). 8, 9 The heterocyclic ligand precursor is accessible via a synthetically highly versatile 'click reaction' involving a copper-catalyzed [3+2] cycloaddition of azides and alkynes (Scheme 1).
10
This click reaction tolerates a wide variety of functional groups both in the azide and in the alkyne reactant, 11 and hence allows for synthetic variation of wingtip groups that may not be (easily) conceivable in NHC chemistry relying on imidazole-derived heterocycles. Unlike their much more investigated 1,2,4-triazolylidene homologues, 12 1,2,3-triazolylidenes have a strong mesoionic character, as demonstrated in elegant work by Bertrand and coworkers on the free carbene ligand.
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Scheme 1. Retrosynthetic approach towards triazolylidene metal complexes.
Following our initial studies, 8 we report here on a detailed investigation of the factors that influence the metalation of triazolium salts with palladium and rhodium. Wingtip modification has been probed as respectively. The Pd-C carbene bond is slightly shorter in the dimeric structure 2a (1.967(6) Å, 1.979(6) Å) than in monomeric species cis-3a (1.993(5) Å and 1.997(5) Å), and significantly shorter than in trans3a (2.049(3) Å), reflecting the expected increase of the trans influence from µ 2 -I -to terminal I -to carbene (Table 1) . The same conclusions can be drawn when comparing the Pd-I distances in the three complexes. No significant perturbation of the bond lengths in the heterocycles were noted, the C-C bond is in all complexes in the range of conjugated C=C bonds.
Figure 1. ORTEP drawings of complex 2a (a; only one of the two crystallographically independent molecules is shown),
trans-3a (b), and cis-3a (c; all structures at 50% probability level, hydrogen atoms and cocrystallized solvents omitted for clarity). a) X1 = I2, X2 = I2a; in molecule 1, the iodide was found to be disordered over two positions (occupancies 0.7/0.3), only the major component is considered here; labeling scheme adapted for molecule 2; b) X1 = C1a, X2 = I1a; c) X1 = I2, X2 = C12. suggest that the former set, which is the major one in the crude reaction mixture, is due to trans-3a. The trans configuration is expected to alleviate steric congestion around the metal coordination sphere and may therefore be more easily accessible than cis-3a.
The most significant differences in the 13 C NMR spectra of the complexes comprises the palladiumbound carbene resonance, which appears at δ C 128.5 in complex 2a, 16 yet at substantially lower field (δ C 154.6 and 154.0) for the cis/trans mixture of 3a. This effect is much smaller for the phenyl-bound heterocyclic carbon which resonates at δ C 142.5 in 2a and at 144.1 in 3a. No difference between the cis and trans isomers was detected for this nucleus. All other 13 C NMR signal differ by less than 1 ppm in the three sets and hence do not allow for an unambiguous distinction between the three structures.
Factors affecting product selectivity. Upon repeating the palladation reaction, the dimetallic complex 2a and monomeric 3a were obtained invariably in an approximate 1:1 ratio, with a 5:2 trans/cis isomeric distribution in the latter. When the metalation was carried out with excess KI (4 molequiv.) and under otherwise identical conditions, complex 2a became the major product (ca. 8:1 ratio) as deduced from the crude 1 H NMR spectra. This preference is in agreement with the asymmetric halide/carbene stoichiometry in the dimetallic product. Replacing KI by KCl (2 molequiv) similarly favored the production of the dimetallic complex (5:1 ratio obtained after stirring the product mixture with NaI in order to convert the initial chloropalladium products into their iodide analogues). Likewise, using NaOAc as an additive increased the ratio of the dimetallic complex (ca. Variation of the wingtip groups. In an effort to evaluate the influence of the ortho substituents (wingtip groups), a series of triazolium salts 1b-1f were synthesized in good to excellent yields by established [3+2] cycloaddition protocols using the corresponding azides and alkynes, 20 and subsequent alkylation with MeI. Selective N3-methylation was unambiguously confirmed by NOE and long range CH cross correlation experiments. Direct palladation using Pd(OAc) 2 as described above again provided a mixture of complexes 2, cis-3, and trans-3 (cf Scheme 2). The 2:3 ratio showed a moderate dependence on the wingtip group pattern. While for the dialkylated systems 2b and 2c, about equimolar quantities of monomeric species (3b and 3c, respectively) were formed, the dimetallic complex 2d was slightly more preferred over the corresponding monometallic complex (1.25:1). Swapping the phenyl and butyl substituents resulted in an inversion of the selectivity, with the monometallic species favored (ratio 2e/3e approximately 0.5:1). With two phenyl wingtip groups, the ratio could not be determined unambiguously due to considerable signal overlap both in the 1 H and 13 C NMR spectra.
Purification of the mixtures by MeCN extraction and crystallization provided pure fractions of the dimetallic complexes 2b-2f. 21 Analysis of their 13 C NMR spectra reveals a moderate correlation between δ C and the electronic properties of the wingtip groups. The most shielded carbenes were observed for triazolylidenes possessing two alkyl wingtip groups (cf δ C 126.0 and 126.4 for 2b and 2c, respectively), whereas introduction of a phenyl group shifts the resonance to lower field (cf δ C 128.5, 128.4, and 129.1 for 2a, 2d, and 2e, respectively). The carbene signal for the supposedly most deshielded carbene in 2f was not resolved.
Complexes 2b-e were investigated in the solid state by X-ray diffraction analysis (Fig. 3) . The global structure of all dimeric compounds is identical to that of 2a (cf Fig. 1a ) and comprises two palladium centers, two bridging iodides, and at each metal center one triazolylidene and one iodide ligand. In all complexes the center of the Pd 2 I 2 square is a crystallographic inversion center. As a consequence, the wingtip groups in complexes 2d and 2e adopt a mutual anti conformation. The Pd-C bond lengths in all complexes are identical within esd's and average to 1.97(1) Å. This distance is in the range generally observed for abnormal palladium carbene complexes. 22 Further bond lengths and angles are similar to those of 2a (Table 2) . Again, the triazolylidene ring is oriented almost perpendicular to the palladium square plane, with dihedral angles between 71° (2e) and 88° (2b). The Pd1-I2 bond trans to the carbene ligand is slightly shorter in the phenyl-substituted triazolylidene complexes than in the complexes comprising exclusively alkyl wingtip groups. These observations may point to a moderate tunability of the trans influence of the triazolylidene ligand via wingtip group modification. (b), 2d (c), and 2e (d; all structures at 50% probability level but 2b, which is at 30% probability; hydrogen atoms and cocrystallized solvents in 2d and 2e omitted for clarity). Upon crystallization of complex 2e, a smooth color change from orange to yellow was noted in some cases. Analysis of this yellow fraction gave broad NMR resonances in the aromatic region.
Measurements at 60 °C revealed four distinct resonances between 7 and 8 ppm. Desymmetrization of the phenyl ring and loss of one proton resonance is indicative for orthopalladation and the formation of the palladacycle 5e (Scheme 4). The presence of a Pd-C aryl bond was also supported by a low-field 13 C NMR signal at δ C 144.6. Related cyclopalladation was also observed in imidazolium-derived Nheterocyclic carbenes. 23 Unambiguous evidence for the formation of a cyclopalladated product was provided by X-ray diffraction analysis (Fig. 4) . Crystals of 5e contained two crystallographically independent molecules, which differed considerably in their global structure. One molecule is located on a crystallographic inversion center and features a planar Pd 2 I 2 core, thus resulting in a co-planar arrangement of the two metalacycles. In contrast the second molecule is characterized by an open booktype arrangement, with the metalacycles mutually tilted. 24 Despite this different arrangement, bond lengths and angles in both molecules are highly similar. The Pd-C carbene bonds are longer than in the monodentate complexes 2 and only slightly shorter than the Pd-C aryl bonds (Table 3) . Investigation of the cyclopalladation revealed that heating of complex 2e in DMSO to 120 °C for 3.5 h, i.e. conditions used for the preparation of 2, did not induce any significant palladacycle formation. In the presence of a weak base such as acetate, several products yet no 5e were formed at room temperature, perhaps originating from anion metathesis due to the coordination ability of acetate. A similar outcome was noted when the reaction mixture was heated to 50°C. Further elevation of the temperature to 80°C induced formation of 5e albeit incomplete after 3 h. Cyclopalladation was essentially quantitative, however, when 2e and an excess NaOAc were kept at 120 °C for 2 h. Longer reaction times led to significant decomposition as indicated by the formation of a black precipitate.
Acetate seems to be a privileged base in this cyclometalation process. 25 Attempts to substitute acetate by NEt 3 were unsuccessful and gave either no reaction at all (room temperature) or decomposition products only (3 h at 80 °C). Moreover, only N-bound phenyl wingtip groups were observed to undergo cyclopalladation. For example, complex 2f underwent C-H activation in the presence of acetate to give the cyclopalladated complex 5f. In this complex, the N-bound phenyl was palladated exclusively and neither activation of the C-bound phenyl group in 2f nor isomerization of the palladacycle in 5f was observed. Along the same lines, complex 2a and 2d, both featuring only a C-bound phenyl wingtip group were inert under the conditions used for cyclopalladation of complex 2e. Apparently, the electronreleasing character of nitrogen is beneficial to aryl functionalization, which is in line with an electrophilic mechanism for this cyclopalladation.
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Metalacycle formation is fully reversible. When exposing complex 5a to excess HI, complex 2e is recovered in high yields. Cleavage of the metalacycle was indicated macroscopically by the instantaneous color change from yellow to orange, and microscopically by the pertinent 1 H NMR data, which were identical to those of the parent complex 2e. Exposure of 2e to HI for several days did not induce any complex degradation and hence demonstrates a remarkable resistance of the palladiumcarbene bond towards acidolysis. 14,27 Both, the stability of the Pd-C carbene bond towards acids and bases as well as the sensitivity of N-bound phenyl groups towards cyclopalladation under basic conditionstypical conditions for example in cross-coupling reactions 28 -have obvious implications when using this type of complexes in catalysis. Hz for all complexes) appeared at highest field (δ C 168.5 and 168.6 for 6b and 6c, respectively), while the presence of one phenyl group as in 6d and 6e induces a downfield shift (δ C 170.4 for both complexes). When incorporating a second phenyl group (6f), the resonance is shifted by another 2 ppm to lower field (δ C 172.2). A similar trend was observed when comparing the carbene resonance of the carbonyl complexes 7, although the effect is more gradual and not additive as in complexes 6 (Table 4 ).
In agreement with the stronger trans influence of CO as opposed to olefins, the Rh-C carbene coupling constant is smaller in complexes 7 with 1 J RhC = 39.1±4. When considering the NMR characteristics of the CO ligand trans to the carbene, 31 an increase of the coupling constant was observed upon reducing the wingtip donation. Thus, the lowest coupling constant was noted for the alkyl substituted carbene complexes 7b and 7c ( 1 J RhC = 53.4), and this value increases upon replacing electron releasing alkyl groups with electron withdrawing phenyl wingtips. The trend is not rigid (cf 7e and 7f). Since larger coupling constants may be attributed to weaker ligand donor properties in trans position, 32 this trend in 1 J RhC and chemical shift analyses are both in line with a soft yet noticeable tunability of electronic properties via wingtip group modifications. 
Conclusions
Palladation of triazolium salts afforded different types of complexes, including monometallic bis(carbene) species and bimetallic complexes with 1:1 metal carbene stoichiometry. Careful choice of reaction conditions and work-up procedures provide access to pure materials. Variation of the wingtip groups has distinct implications on the properties of the triazolylidene ligand. Accordingly, swapping from an alkyl to an aryl substituent reduces the electron density at the metal center. The arrangement of the substituents (e.g. C-bound vs N-bound phenyl as in 6d and 6e) appears to play no significant role for tuning the electronic properties of the metal center. This wingtip arrangement strongly affects, however, the stability of the corresponding palladium complexes, since N-bound phenyl groups tend to cyclopalladate, while the C-bound analogue resists such processes. Ligand tunability and stability will have profound implications for applying this class of complexes in catalysis. Investigations along these lines are currently in progress and will be subject of a forthcoming report.
Experimental Section
General comments. Air sensitive reactions were carried out under Ar using schlenk techniques. 
Palladation reactions. Method A:
A solution of triazolium salt and Pd(OAc) 2 (1 equiv.) in DMSO was stirred at 120 °C for 3.5 h. After addition of CH 2 Cl 2 , the solution was filtered through Celite, H 2 O was added, and the solution was extracted with CH 2 Cl 2 . The organic phases were combined, washed with H 2 O and dried over Na 2 SO 4 and all volatiles were evaporated, yielding a mixture of 2 and 3.
Repeated extraction of this mixture with small portions of MeCN gave complex 2 in almost pure form, while subsequent extraction of the residue with CH 2 Cl 2 yielded the mono(carbene) species 3. Further purification of the fractions was achieved by crystallization.
Method B:
The triazolium salt (1 equiv.) and Ag 2 O (1 equiv.) in CH 2 Cl 2 were stirred at rt for 24 h.
After filtration through Celite, PdCl 2 (NCMe) 2 (1 equiv.) was added and the solution was stirred at rt during 4 h. The solution was filtered through Celite and a solution of NaI (6 equiv.) in acetone was added and stirred at rt for another hour. After evaporation of volatiles and addition of H 2 O, the residue was extracted with CH 2 Cl 2 . The combined organic phases were washed with H 2 O then with a saturated aqueous solution of sodium pyrosulfite (Na 2 S 2 O 5 ), dried over Na 2 SO 4 and evaporated to dryness. After filtration through celite, NaI (0.668 g, 4.46 mmol) dissolved in acetone (25 mL) was added and the mixture was stirred for 1.5 h. All volatiles were evaporated and the residue was extracted to yield a red powder (0.313 g, 76%). Analytically pure 2a was obtained after recrystallization by slow diffusion of pentane into a saturated CH 2 Cl 2 solution. 
Synthesis of 3a.
According to method A, 1a (0.301 g, 0.95 mmol) in DMSO (25 mL) were heated with Pd(OAc) 2 (0.214 g, 0.95 mmol). After extraction 0.315 g of mixture of 2a and 3a was obtained.
This mixture was washed with MeCN and the residue was dried in vacuo, thus giving 3a (0.091 g, 26%)
as an analytically pure cis/trans mixture (1:2.5 ratio). (6.33) , N 9.05 (9.10).
Synthesis of 6f.
According to the general method, 1f (0.052 g, 0.14 mmol) in CH 2 Cl 2 (20 mL) was stirred with Ag 2 O (0.033 g, 0.14 mmol). After filtration through Celite, [Rh(COD)Cl] 2 (0.035 g, 0.07 mmol) was added and the solution was stirred and, after 6h, filtrated through Celite to give 1f as a yellow powder (0.037 g, 55% 
